Correspondence liu.chiachen@mayo.edu (C.-C.L.), bu.guojun@mayo.edu (G.B.) In Brief Liu et al. have developed cell-typespecific and inducible apoE mouse models and demonstrate that astrocytic apoE4 is a potent factor in promoting amyloidosis during the seeding stage, but not the rapid growth period, of amyloid development. ApoE4 impairs Ab clearance and accelerates Ab aggregation, leading to enhanced amyloid pathology and neuritic dystrophy.
INTRODUCTION
Alzheimer's disease (AD), the leading cause of dementia in the elderly, is an age-dependent neurological disorder characterized by the presence of extracellular amyloid plaques composed of amyloid-b (Ab) and intracellular neurofibrillary tangles (Jucker and Walker, 2011) . Mounting evidence supports a role of Ab accumulation and aggregation as an early trigger of a toxic cascade leading to eventual neurodegeneration in the etiology of AD (Hardy and Selkoe, 2002) . Amyloid positivity in cognitive normal individuals was shown to be associated with rates of Ab deposition and hippocampal atrophy (Villemagne et al., 2013) . Emerging findings indicate that Ab begins to deposit in the brains of dementia patients decades before the onset of clinical symptoms (Bateman et al., 2012; Perrin et al., 2009 ). Identification of a 20-to 30-year interval between amyloid positivity and dementia implies that there is window of opportunity to intervene as prevention strategies for AD (Jansen et al., 2015) .
The growth kinetics of amyloid plaques follows a sigmoidshaped progression with time in amyloid mouse models as well as in humans (Bateman et al., 2012; Burgold et al., 2014) . Amyloid pathogenesis was suggested to start with a slow nucleation phase that leads to formation of small aggregates (seeding stage). After that, the extension of these Ab aggregates occurs more rapidly during amyloid growth period (Eisenberg and Jucker, 2012) . Identifying the factors that promote amyloid seeding should help to understand the mechanism underlying the onset of AD and suggest strategies for early intervention.
Apolipoprotein E (apoE), mainly produced by astrocytes in the CNS, is a major cholesterol carrier that delivers lipids to neurons for the maintenance of synapses, as well as promoting injury repair (Bu, 2009) . The ε4 allele of the APOE gene is the strongest genetic risk factor for late-onset AD among its three polymorphic alleles (ε2, ε3, and ε4). APOE4 confers a greater AD risk with an earlier age of disease onset in a gene dose-dependent manner (Corder et al., 1993; Liu et al., 2013) . Ab deposition as senile plaques is more abundant in APOE4 carriers than in non-carriers (Kok et al., 2009) . APOE4 gene dose is associated with fibrillar Ab burden, suggesting that apoE4 might promote Ab aggregation Reiman et al., 2009) . Although studies indicate that apoE4 enhances the accumulation and deposition of Ab in the brain, the critical period when apoE4 has the strongest effects on amyloid pathology remains unclear.
We have developed innovative mouse models, allowing human apoE3 or apoE4 to be expressed specifically in astrocytes in an inducible fashion during different stages of amyloid plaque development. We revealed a crucial pathogenic role of apoE4 in the seeding of amyloids in vivo. Together, our study provides crucial evidence that apoE4 facilitates amyloid development during the early stage, gaining biological insights into apoE-targeted therapies to suppress amyloid pathogenesis to treat AD.
RESULTS
Novel Mouse Models Expressing Human apoE3 or apoE4 in a Cell-Type-Specific and Inducible Manner The apoE-targeted replacement (TR) mice have allowed for studies of human apoE in AD pathogenesis. However, these mice alone provide limited information on how changes in apoE isoform expression in adult mice and in specific cell types impact these events. To address this, we have developed novel mouse models that allow for cell-type-specific and inducible expression of apoE3 or apoE4 (termed iE3 and iE4, where ''i'' means inducible). The apoE3 or apoE4 transgene was targeted into the ROSA locus by homologous recombination ( Figure 1A ), ensuring controlled expression with no impact on the expression of other genes. To understand how astrocytic apoE isoforms affect amyloid pathogenesis, we first bred the iE3 and iE4 mice with mice expressing glial fibrillary acidic protein (GFAP)-Cre transgene, which drives expression in astrocytes, the (B and C) ApoE levels in the cortex of iE3 and iE4 mice at 3 months of age with or without GFAP-Cre were analyzed by western blotting (B) and ELISA (C).
(D) Immunohistochemical analysis of GFP for the cortical region of iE3 mice in the presence or absence of Cre.
(E) The iE3 mice at 3 months of age were fed with regular (ÀDox) or Dox-containing chow for 2 weeks. ApoE in the cortex was analyzed by ELISA. Data represent mean ± SEM. **p < 0.01; N.S., not significant. (F) Comparison of apoE levels in the cortex of apoE inducible amyloid model mice with apoE-TR mice at 3-4 months of age examined by ELISA. Data represent mean ± SEM. **p < 0.01. (G) Cortex and hippocampus (HPC) from apoE3 inducible (Cre + ) amyloid model mice were co-immunostained for GFP, which represents apoE distribution (green) and astrocyte-specific (anti-GFAP; red) or neuron-specific (anti-NeuN; red) markers. Scale bar, 100 mm. See also Figure S1 . (B and C) Insoluble apoE levels in the cortex of APP/PS1 mice expressing (B) apoE3 (APP/iE3; n = 17-18/group) throughout 9 months (0-9 m On) or (C) apoE4 (APP/iE4; n = 13-16/group) throughout 9 months, during 0-6 months (0-6 m On; n = 6-8/group), or during 6-9 months (6-9 m On; n = 8-9/group) were examined by ELISA. Data represent mean ± SEM. *p < 0.05; **p < 0.01. (D-F) Insoluble Ab40 and Ab42 levels in the cortex of APP/PS1 mice expressing apoE4 (APP/iE4; n = 13-16/group) throughout the entire 9 months (D), during 0-6 months (n = 6-8/group) (E), or during 6-9 months (n = 8-9/group) (F) were examined by specific Ab ELISA. Data represent mean ± SEM. *p < 0.05; **p < 0.01; N.S., not significant.
(legend continued on next page) predominant cell type that produces apoE in brain parenchyma. Western blotting and ELISA showed that both apoE3 and apoE4 were highly expressed in the brain of Cre + mice, but not in Cre À mice ( Figures 1B and 1C) . GFP immunostaining also confirmed expression in astrocytes of Cre + mice ( Figure 1D) . Two weeks after feeding of doxycycline (Dox) chow, apoE expression in Cre + mice was completely turned off and returned to the baseline level ( Figure 1E ), confirming the effectiveness of the Tet-off system and functionality of our iE3 and iE4 mice. To investigate the effects of apoE isoforms on amyloid development, we further bred astrocyte-specific iE3 and iE4 mice into the background of APP SWE /PS1DE9 mice (thereafter referred to as APP/PS1) (Jankowsky et al., 2004) . Compared with apoE-TR mice, apoE inducible mice exhibited 2-to 3-fold increases in apoE levels ( Figure 1F ). In addition, GFP signal, which represents the expression pattern of apoE, was co-localized with GFAP-positive astrocytes, but not with NeuN-positive neurons ( Figures 1G and S1A ), confirming the specificity of the Cre driver.
Astrocytic Expression of apoE4 during the Initial Seeding Stage, but Not the Rapid Growth Period, Enhances Amyloid Pathology and Neuritic Dystrophy Previous studies have shown that brain Ab levels and amyloid plaque loads are apoE isoform dependent (E4 > E3 R E2) (Castellano et al., 2011; Mawuenyega et al., 2010) . However, it is not clear at what stage of amyloid development and progression apoE has the highest impact. We chose to address this question using our inducible apoE mouse models bred to APP/PS1 mice, which start developing visible amyloid pathology at 4$5 months of age, have the fastest amyloid growth between 6 and 9 months, and reach near saturation at $10 months of age (Garcia-Alloza et al., 2006) . To investigate the effects of apoE isoforms on Ab metabolism and amyloid pathogenesis, we designed three paradigms for controlled apoE expression: (1) the entire 9 months (0-9 m On), (2) during the seeding stage only (0-6 m On), or (3) during the rapid growth period only (6-9 m On) ( Figure 2A ). These experimental mice grew normally and showed no overt developmental abnormalities in the brain ( Figure S1B ). As expected, the apoE levels in the brain were dramatically increased in both detergent-soluble (RIPA) and -insoluble (guanidine, GDN) fractions in Cre + mice with apoE expression for the entire 9 months, and during 6-9 months compared to Cre À mice (Figures 2B, 2C, S1C, and S1D). For mice with apoE expression during 0-6 months, the apoE level was low upon Dox treatment, which turned off its expression. Interestingly, we found that expression of astrocytic apoE4 for the entire 9 months significantly increased soluble and insoluble Ab40 and Ab42 levels, whereas expression of apoE3 did not have such effects (Figures 2D and S1E-S1G). We next investigated the critical stage by which apoE4 drives the increase of Ab. Importantly, we found that expression of apoE4 in the Ab seeding stage (0-6 m On) significantly increased Ab40 and Ab42, whereas expression of apoE4 during the plaque rapid growth period (6-9 m On) had no significant effects on Ab levels (Figures 2E, 2F, S1H, and S1I). We next examined how astrocytic apoE isoforms expressed at different stages impact the development of amyloid pathology. We found that expression of astrocytic apoE4, but not apoE3, for the entire 9 months enhanced amyloid deposition ( Figures  2G, 2H , S2A, and S2B). More importantly, expression of apoE4 during the seeding stage (0-6 m On), but not the rapid growing period (6-9 m On), was sufficient to promote amyloid pathology ( Figures 2I, 2J , and S2B). Interestingly, expression of astrocytic apoE3 during the seeding stage did not significantly affect Ab levels and amyloid deposition in the brain ( Figures S2C-S2F ). To investigate which Ab species might be involved in apoE4-mediated effect, we examined whether astrocytic apoE4 affects soluble Ab oligomer formation in the brains of APP/iE4 mice at different stages. Interesting, we found that apoE4 increased the levels of Ab oligomers when it was expressed during seeding stage (0-6 m On), but not in the rapid growing period (6-9 m On) ( Figure S2G ). Together, these results indicate the critical roles of apoE4 in the Ab seeding, oligomerization, and amyloid deposition.
We next examined whether there are changes in the formation of cerebral amyloid angiopathy (CAA) in our mouse models expressing astrocytic apoE isoforms. We found that expression of astrocytic apoE3 or apoE4 did not significantly affect the levels of leptomeningeal CAA in any induction paradigms ( Figure S2H ). These results indicate that astrocytic apoE plays a critical role in regulating amyloid pathogenesis in the brain parenchyma, but not in cerebrovasculature.
Previous studies suggest a critical role of apoE in Ab fibrillogenesis (Bales et al., 1997) . Thus, we next characterized how astrocytic apoE isoforms impact the formation of fibrillary amyloid plaques in inducible apoE mice by Thioflavin S staining. Consistent with the Ab immunostaining pattern, expression of astrocytic apoE3 had no effect on the fibrillar plaque load (Figure S3A ). In addition, expression of apoE4 for the entire 9 months and during the seeding stage (0-6 m On), but not the rapid growth period (6-9 m On), led to significant increases in fibrillar plaque formation in the cortex and hippocampus ( Figures  S3B-S3D ). Together, these results support that apoE4 plays a crucial role in driving amyloid pathology during the initial phase of amyloid development.
Neuronal dystrophy is a pathological hallmark of AD and has been shown to be induced by fibrillar Ab (Grace and Busciglio, 2003) . To examine whether astrocytic apoE isoforms affect amyloid-associated neuritic dystrophy, we performed double immunostaining for Ab and lysosomal-associated membrane protein 1 (LAMP1), a dystrophic neurite marker, in brain sections from the APP/iE3 and APP/iE4 mice. Mice expressing apoE4 for the entire 9 months (0-9 m On) and during seeding stage (0-6 m On) had a significant increase in the dystrophic neurites surrounding amyloid plaques compared with control mice (Figures (G-J) Brain sections from 9-month-old APP/PS1 mice expressing apoE3 (APP/iE3; n = 12-14/group) (G), or apoE4 (APP/iE4) throughout the entire 9 months (n = 11/group) (H), during 0-6 months (n = 9/group) (I), or during 6-9 months (n = 7-8/group) (J) were immunostained with a pan-Ab antibody. Representative images of Ab staining in the cortical and hippocampal regions are shown. Scale bar, 1 mm. Open circles are females; closed circles are males. Data represent mean ± SEM. *p < 0.05; **p < 0.01; N.S., not significant. See also Figures S1-S3. S3E-S3H). As expected, mice expressing astrocytic apoE3 for 9 months or apoE4 during plaque growing period did not significantly affect amyloid burden and plaque-associated neuritic dystrophy ( Figures S3I and S3J ). These results indicate that astrocytic apoE isoforms have differential impacts on amyloid deposition as well as neuritic dystrophy around plaques.
Expression of apoE4 in Astrocytes Suppresses Ab Clearance
We next examined whether expression of human apoE isoforms in astrocytes differentially regulates Ab clearance in the interstitial fluid (ISF) of young APP/iE3 and APP/iE4 mice. Using in vivo microdialysis to analyze the elimination kinetics of Ab after halting Ab production, we found that expression of apoE3 did not affect the clearance rate of Ab ( Figures 3A and 3B ). Intriguingly, the half-life of Ab in the hippocampus of APP/iE4/Cre + mice was significantly longer compared to APP/iE4/Cre À mice ( Figures 3C and 3D) , suggesting an impairment of Ab clearance by astrocytic apoE4.
Expression of Human apoE Isoforms Differentially
Affects Ab-Associated Gliosis and Synaptic Integrity Prominent activation of astrocytes and microglia, along with the presence of amyloid plaques and tangles, is observed in AD brains (Heneka et al., 2015) . To determine the extent of Ab-mediated gliosis upon expression of astrocytic apoE, we examined GFAP-positive reactive astrocytes in APP/iE3 and APP/iE4 mice by immunostaining and western blotting. Interestingly, APP/iE3/ Cre + mice displayed significantly lower GFAP-positive astrocytes than those in APP/iE3/Cre À mice ( Figures 4A and 4E ),
implying an anti-inflammatory function of apoE3. Conversely, GFAP-positive astrogliosis was enhanced in APP/iE4/Cre + mice compared to APP/iE4/Cre À mice ( Figures 4B and 4E ).
Regression analysis indicated a significant positive correlation between the levels of GFAP and those of Ab40 and Ab42 ( Figures  S4A and S4B ), suggesting that astrogliosis is related to Ab The ISF Ab40 levels in APP/PS1 mice expressing apoE3 (A and B; APP/iE3; n = 8/group) or apoE4 (C and D; APP/iE4; n = 4/group) at the age of 3-4 months were analyzed. To assess Ab40 halflife, the mice were treated with a g-secretase inhibitor, and the hippocampal ISF Ab40 levels were monitored. The slope from the individual linear regressions from log (percent [%] ISF Ab40) versus time for each mouse was used to calculate the mean half-life (t 1/2 ) of elimination for Ab from the ISF (B and D). Data represent mean ± SEM. *p < 0.05; N.S., not significant.
pathology. We further examined how expression of apoE4 in different stages of amyloid development impacts astrogliosis. Consistent with the effects on amyloid, the GFAP levels were significantly enhanced in Cre + mice with apoE4 expression in the seeding stage, but not the rapid growth period, during amyloid development ( Figures S4C-S4E) . A significant increase of ionized calcium-binding receptor 1 (Iba1)-positive microglia was also observed in APP/iE4/Cre + mice, but not in APP/iE3/Cre + mice ( Figures 4C and 4D ). Furthermore, expression of astrocytic apoE3 decreased the levels of IL-6 and IL-1b, but not TNF-a, in APP/iE3/Cre + mice ( Figure S4F ).
In contrast, expression of astrocytic apoE4 increased IL-6, IL-1b, and TNF-a in APP/iE4/Cre + mice compared with control mice ( Figure S4G ). Consistent with the effects of apoE4 on amyloid seeding, the levels of IL-6 were significantly increased in Cre + mice with apoE4 expression in the seeding stage, but not in the rapid growth period, during amyloid development (Figure S4H) . Together, these results indicate that apoE isoforms differentially affect amyloid pathology and associated neuroinflammation.
To further understand how apoE isoforms affect the synaptic changes associated with Ab, we examined the levels of preand postsynaptic markers in the brains of APP/iE3 and APP/ iE4 mice. We found that the level of postsynaptic density 95 (PSD-95), but not synaptophysin, was slightly increased in APP/iE3/Cre + mice, whereas no significant changes in the synaptic markers were observed in APP/iE4/Cre + mice in any induction paradigm ( Figures 4F and S4E ). This result suggests that apoE3 might ameliorate Ab-mediated synaptic impairment.
DISCUSSION
APOE4 is the strongest genetic risk factor for late-onset AD, likely by driving amyloid pathology, yet how apoE4 exerts such effects during different stages of pathological development is unclear. Using novel inducible mouse models for apoE isoforms, we showed that expression of apoE4 in astrocytes during the initial seeding stage is sufficient to drive amyloid pathology and plaque-associated neuritic dystrophy. Conversely, if apoE4 is present after the initial seeding stage, it has minimal impact on amyloid pathology. Expression of apoE3 at any stage of the amyloid pathology does not alter amyloid plaque development but benefits synapses and reduces amyloid-associated gliosis. Our findings suggest that therapeutic interventions for asymptomatic APOE4-positive individuals who are predisposed to AD need to start early in the pre-symptomatic phase in terms of targeting the Ab pathway. With the available genetic testing, as well as brain imaging and CSF-based biomarkers for AD risk assessment, our results support an effort of identifying high-risk individuals and designing prevention or early treatment strategies targeting apoE4-related pathogenic pathways. Among individuals without dementia, APOE4 is associated with a greater risk and decreased age at onset for amyloid positivity (Jansen et al., 2015) . Brain imaging and CSF biomarker studies also indicate that Ab burden in cognitively normal older people is associated with APOE4 gene dosage Reiman et al., 2009 ). The strong association of APOE4 with amyloid positivity emphasizes apoE as a critical target for both understanding its effects on amyloid and designing antiAb therapy. Increasing studies indicate that Ab deposition may begin more than two decades before clinically noticeable cognitive decline (Jack and Holtzman, 2013) . It is suggested that when the amount of brain Ab is above a certain critical concentration, it forms aggregates that can serve as nucleating seeds for the development of amyloid plaques. After the slow nucleation phase, the seeds can recruit more Ab to form larger aggregates at a faster pace during the growth period of fibril formation until the late stage of AD, when the deposition slows down (Burgold et al., 2014) . Consistent with this notion, Ab aggregation can be instigated and/or accelerated in young, pre-deposit amyloid model mice through introducing minute amounts of Ab aggregates as seeds (Meyer-Luehmann et al., 2006) . Understanding the seeding factor for Ab aggregation could furnish clues to early and mechanism-based interventions. ApoE, a component of cerebral amyloid deposits, has been shown to play an important role in amyloid pathogenesis (Bales et al., 2009; Liu et al., 2013) . Our findings and studies from others (Castellano et al., 2011; Deane et al., 2008) have demonstrated that apoE4 impairs Ab (A-D) Brain sections from 9-month-old APP/PS1 mice expressing apoE3 (APP/iE3) or apoE4 (APP/iE4) in the astrocytes throughout the entire 9 months were immunostained with GFAP antibody (A and B) or Iba1 antibody (C and D). Scale bar, 100 mm. The immunoreactivities of GFAP or Iba1 in cortex (n = 11-13/group) and hippocampus (n = 9-12/group) were quantified. Data represent mean ± SEM. *p < 0.05; **p < 0.01; N.S., not significant. (E and F) The levels of GFAP, presynaptic marker synaptophysin (Syp), and postsynaptic marker PSD-95 in the cortex (n = 16-18/group) of APP/PS1 mice expressing apoE3 (APP/iE3) or apoE4 (APP/iE4) in the astrocytes throughout the entire 9 months were examined by western blotting. Data represent mean ± SEM. *p < 0.05; **p < 0.01; N.S., not significant. See also Figure S4. clearance, which would lead to increased Ab concentrations critical for the initiation of Ab aggregation. A previous study reported that APOE4 carriers exhibited apoE in newly formed Ab deposits more frequently than non-APOE4 carriers (Thal et al., 2005) . An in vitro aggregation study showed that apoE4 has stronger effects than apoE3 in enhancing Ab fibrillogenesis (Wisniewski et al., 1994) . Thus, apoE4 may accelerate amyloid development by serving as a potent seeding cofactor to enhance amyloid formation ( Figure S5 ). Consistent with our findings, studies from Huynh et al. (2017) utilizing an apoE antisense oligonucleotide (ASO) to reduce apoE4 expression in the brains of APPPS1-21/apoE4 mice indicated that the timing of apoE4 expression greatly affects its impact on Ab pathology. Specifically, ASO treatment starting at postnatal day 0 (P0), but not 6 weeks of age (when significant amyloidosis has occurred in these aggressive amyloid model mice), can significantly decrease Ab deposition. Altogether, results from our and their studies demonstrate a critical role of apoE4 in the early and seeding stage of plaque formation. Protein aggregation has been implied as one of the common pathogenic mechanisms that impel neurodegenerative diseases, including AD (Jucker and Walker, 2011) . ApoE4 is able to form neurotoxic aggregates more readily than apoE3 or apoE2 (Hatters et al., 2006) ; thus, it is possible that apoE4 could nucleate Ab aggregation or plaque formation through its self-aggregating propensity. In addition, apoE4 might be potentially more vulnerable to aggregation due to its poor lipidation status (Gong et al., 2002) . It will be informative to assess whether reducing the amount and aggregation of apoE4, and/or promoting its lipidation, particularly in the Ab seeding stage, can halt or reduce the development of amyloid pathology.
Brain Ab clearance is relatively efficient with a half-life of 1-2 hr in mice and $8 hr in humans (Bateman et al., 2006; Liu et al., 2016) . Multiple pathways exist in the brain for Ab clearance, including cellular uptake, proteolytic degradation, and cerebrovasculature-mediated clearance pathways (Bu, 2009) . While the specific contribution from each pathway is not clear, increasing evidence indicates that impaired Ab clearance is a common prelude to lateonset AD (Mawuenyega et al., 2010) . Astrocytes represent a major cell type mediating Ab clearance in the brain. Using in vivo microdialysis, we showed that expression of apoE4 in astrocytes impairs Ab clearance, which is consistent with previous reports (Castellano et al., 2011; Deane et al., 2008) . Ab aggregation and deposition into insoluble plaques are concentration dependent; thus, the compromised clearance of Ab in apoE4 increases Ab concentration, which may contribute to Ab seeding effect. It was shown that apoE4/Ab complex is cleared at the blood-brain barrier (BBB) with a substantially slower rate than when Ab is free or bound to apoE3 (Deane et al., 2008) . Another study reported that apoE isoforms differentially block Ab clearance in astrocytes by competing for the same clearance pathways mediated by the low-density lipoprotein receptor-related protein 1 (LRP1). LRP1 and heparan sulfate proteoglycan (HSPG), two major receptors for both apoE and Ab, have been shown to mediate Ab clearance in neurons and various cell types (Bu, 2009; LaDu et al., 2006; Liu et al., 2016) . Whether apoE isoforms modulate Ab metabolism in distinct brain compartments and cell types depending on these receptors warrants further exploration. Abnormal activation of neuroinflammation contributes to neuronal damage in the pathogenesis of AD (Heneka et al., 2015) . Deficiency of apoE in mice led to increased inflammation in response to Ab, suggesting that apoE may have an anti-inflammatory effect (LaDu et al., 2001) . Our results showed that the marker for astrocytic reactivity was slightly lower in APP/iE3/ Cre + mice than Cre À mice, indicating expression of apoE3 may reduce astrogliosis. Alternatively, astrogliosis is thought to develop as a response to plaque deposition. Although we did not observe significant differences in plaque burden between APP mice with or without apoE3 expression, it is possible that subtle, but not significant, changes in amyloid deposition contributed to the changes in astrogliosis. A study revealed an increased inflammatory response in young APOE4 carriers that may relate to AD risk later in life (Ringman et al., 2012) . ApoE4 may have pro-inflammatory functions, less effective anti-inflammatory function, or both, which may further exacerbate AD pathogenesis. Consistent with this notion, we showed that astrocytic apoE4 expression enhances plaque-associated inflammatory responses, whereas increased levels of apoE3 suppress Ab-driven neuroinflammation and ameliorate postsynaptic alteration. In addition, apoE isoforms have been shown to differentially regulate synaptic functions by multiple mechanisms, such as modulating the signaling function of postsynaptic receptors (Chen et al., 2010; Liu et al., 2015b) . How expression of astrocytic apoE3 and apoE4 impacts synaptic functions and plasticity in the absence of amyloid pathology requires future investigation. We examined the human astrocytic apoE3 or apoE4 effects on amyloid development in the context of murine apoE expression. Further studies are required to explore their functions in the background of human apoE. In summary, our findings using cell-type-specific and inducible mouse models support that apoE4 has the greatest impact during the initial phase of amyloid plaque development. Thus, an effective disease-modifying therapy targeting Ab and apoE4 should be introduced before massive amyloid buildup and irreversible neuronal damages occur. Gaining an in-depth knowledge of the apoE4-mediated pathological process that instigates amyloid development might prove essential for the design, in particular the timing of apoE4-targeted disease-modifying therapies for AD.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
EXPERIMENTAL MODEL AND SUBJECT DETAILS Animals
The cell type-specific and inducible apoE mouse models were generated by a knock-in strategy targeting the ROSA-26 locus with a vector system containing a floxed STOP cassette and tetracycline-regulatory elements initially provided by S. Miyazaki (Osaka University, Japan) (Miyazaki et al., 2005) . The construct for apoE3 or apoE4 includes: 1) ROSA short and long arms at either ends for targeted integration of ROSA26 locus; 2) a floxed Neo r STOP cassette to allow for Cre-mediated, cell type-specific expression; 3)
Tet-off regulatory elements to allow for doxycycline-regulated apoE expression, and a CMV promoter with a tetracycline-responsive element (TRE); 4) human APOE3 or APOE4 cDNA; and 5) an enhanced green fluorescent protein (eGFP) cDNA driven by an internal ribosomal entry site (IRES). The constructs are termed inducible APOE3-eGFP and inducible APOE4-eGFP. The vector constructs were confirmed by restriction digestion and sequencing and electroporated into mouse ES cells. The individual ES clones were screened for homologous recombination and the positive clones were confirmed by Southern blotting. Three ES cell lines were chosen, verified by karyotyping, and used to generate apoE knock-in mice by blastocyst injection into C57BL/6J mice. The generation of inducible APOE3-eGFP and inducible APOE4-eGFP constructs, production and screening of the ES clones and the generation of chimeric mice were carried out by Transgenic Vectors Core, Mouse ES Cell Core, and Mouse Genetics Core at the Washington University, respectively. The resulting chimeras were bred with C57BL/6J mice, and the founder mice carrying a Tet-off cassette were identified as inducible apoE3 or apoE4 mice (named in short as iE3 and iE4 mice). To examine the effects of astrocytic apoE isoforms on Ab pathology and related pathways, iE3 and iE4 mice were crossed with glial fibrillary acidic protein (GFAP)-driven Cre recombinase mice (obtained from NCI Mouse Repository) (Bajenaru et al., 2002) , and further bred into the background of APP SWE /PS1DE9 (hereafter referred to as APP/PS1) amyloid mouse model (Jankowsky et al., 2004) . Littermates (including both male and female mice) of control APP/PS1 (APP/iE3/Cre -or APP/iE4/Cre -) and APP/PS1 mice expressing apoE3 or apoE4 (APP/iE3/Cre + or APP/iE4/Cre + ) were used. We designed three paradigms for controlled apoE expression: 1) the entire 9 months (0-9 m On); 2) during the seeding stage only (0-6 m On); or 3) during the rapid growth period only (6-9 m On). To turn off the expression of apoE at specific periods of time, mice were fed on doxycycline (Dox)-impregnated chow (Bio-Serv). For the group of mice expressing apoE during the seeding stage only (0-6 m On), mice were fed with normal chow at 0-6 months of age and then were fed with Dox chow from 6-9 months of age to turn off the expression of apoE. For the group of mice expressing apoE during the rapid growth period only (6-9 m On), the parents were fed with Dox chow before pregnancy, and their offspring (the experimental mice) were kept on Dox chow until 6 months of age. Mice were housed in a temperature-controlled environment with a 12-h light-dark cycle and free access to food and water. All animal procedures were approved by the Mayo Clinic Institutional Animal Care and Use Committee (IACUC) and in accordance with the National Institutes of Health Guidelines for the Care and Use of Laboratory Animals.
METHOD DETAILS Preparation of brain homogenates
Brain tissues were dissected and kept frozen at À80 C until further analysis. Some brain tissues were fixed in 10% neutralized formalin for histological analysis. Mouse brain tissues for biochemical analysis were processed through sequential extraction. Briefly, brain tissues were homogenized with RIPA buffer supplemented with protease inhibitor cocktail (cOmplete; Sigma) and PhosSTOP (Sigma) and incubated with mild agitation for 30 min at 4 C After centrifugation, the supernatant was referred to as RIPA-soluble fraction. The RIPA-insoluble pellet was re-suspended with 5 M guanidine hydrochloride (pH 7.6), incubated with mild agitation for 12-16 hr at room temperature, and centrifuged at 16,000 g for 30 min (referred to as GDN-soluble fraction).
In vivo microdialysis
To assess the concentration of interstitial fluid (ISF) Ab in the hippocampus of awake, freely moving mice, in vivo microdialysis was performed as previously described . Briefly, the animals were placed in an animal stereotaxic device equipped with dual manipulator arms and an isoflurane anesthetic mask (David Kopf Instruments). Under isoflurane volatile anesthetic, guide cannula (BR style; Bioanalytical Systems) were cemented into the hippocampus (3.1 mm behind bregma, 2.5 mm lateral to midline, and 1.2 mm below dura at a 12 angle). Four to six hours post-surgery, a microdialysis probe (30-kilodalton MWCO membrane, Bioanalytical Systems) was inserted through the guide cannula into the brain. Artificial cerebrospinal fluid (CSF) (mM: 1.3 CaCl 2 , 1.2 MgSO 4 , 3 KCl, 0.4 KH 2 PO 4 , 25 NaHCO 3 , and 122 NaCl, pH 7.4) containing 4% bovine serum albumin (BSA; Sigma) filtered through a 0.1 mm membrane was used as microdialysis perfusion buffer. Flow rate was a constant 1.0 ml/min. Samples were collected every 60-90 min overnight which gets through the 5-6 hr recovery period into a refrigerated fraction collector. The mean concentration of Ab over the 6 hr preceding treatment was defined as basal levels of ISF Ab. For each animal, all Ab levels were normalized to the basal Ab concentration. To assess Ab40 half-life, the mice were treated subcutaneously with a g-secretase inhibitor, LY411575 (5 mg/kg) to rapidly block the production of Ab, and the hippocampal ISF Ab40 levels were monitored and measured by ELISA .
